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Previous electron microscopic observations have shown that the acrosome of the sperm of the frog, Xenopus laevis,
comprises a membrane-bounded vesicle covering the anterior-most position of the head. We obtained a sperm suspension
from the testes and stained it with LysoSensor Green for observation under a confocal laser scanning microscope and found
a bright fluorescence reflecting the presence of the acrosomes at the top of the sperm head in about 64% of the sperm, with
no deterioration of their capacity to fertilize. About 40% of the sperm with an acrosome underwent an acrosome reaction
in response to Ca2 ionophore A23187, as evidenced by a loss of LysoSensor Green stainability, accompanied by breakdown
of the acrosomal vesicle. About 53% of the sperm bound to isolated vitelline envelopes underwent an acrosome reaction,
whereas both jelly water and solubilized vitelline envelopes weakly induced an acrosome reaction. When the sperm were
treated with an oviductal extract obtained from the pars recta, but not the pars convoluta region, about 40% of the sperm
with acrosomes underwent an acrosome reaction. The substance containing acrosome reaction-inducing activity in the pars
recta extract seemed to be a heat-unstable substance with a molecular weight of greater than 10 kDa. The activity was not
inhibited by protease inhibitors but required extracellular Ca2 ions. These results indicate that the acrosome reaction
occurs on the vitelline envelopes in response to the substance deposited from the pars recta during the passage of the oocytes
through the oviduct. © 2002 Elsevier Science (USA)
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In amphibians, an unfertilized egg is surrounded by a
vitelline envelope (VE) and several jelly layers, which play
an important role in both protecting the embryo and assur-
ing fertilization (Iwao, 2000). In the frog, Xenopus laevis,
eggs ovulated from the ovary into the coelom are sur-
rounded by coelomic envelopes. The physicochemical char-
acterization of the coelomic envelopes changes after pass-
ing through the pars recta region of the oviducts, and the
envelopes acquire a sperm-binding activity (Grey et al.,
1977; Yoshizaki and Katagiri, 1984; Bakos et al., 1990; Tian
et al., 1997; Katagiri et al., 1999). The eggs are then
appended to three jelly layers as they pass through the pars
convoluta region in the posterior region of the oviducts
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All rights reserved.(Freeman, 1968; Yurewicz et al., 1975). The sperm must
pass through these layers for fertilization to be successful.
Amphibian sperm have an acrosome at the top of their
heads (Picheral, 1977; Yoshizaki and Katagiri, 1982; Bernar-
dini et al., 1986; Yoshizaki, 1987; Campanella et al., 1997).
A VE lysin is known to exist in acrosomes, and it has been
reported that sperm have an activity to lyse gelatin in Rana
pipiens (Elinson, 1971; Penn and Gledhill, 1972), Leptodac-
tylus chaquensis (Raisman and Cabada, 1977), Bufo japoni-
cus (Iwao and Katagiri, 1982), and Cynops phrrhogaster
(Iwao et al., 1994). Further, the proteolytic activity of lysins
has been reported to be suppressed by trypsin inhibitors
(Raisman and Cabada, 1977; Cabada et al., 1978; Iwao and
Katagiri, 1982). It appears to be the case that this VE lysin is
crucial in allowing sperm to pass through the VE following
an acrosome reaction.
The acrosome of sperm in anuran amphibians resides
under the plasma membrane as a flattened, sac-like vesicle33-5768. E-mail: iwao@po.cc.yamaguchi-u.ac.jp.55
(Reed and Stanley, 1972; Bernardini et al., 1986; Yoshizaki,
1987). In Bufo, a perforatorium is located between the
nucleus and the acrosomal vesicle (Yoshizaki and Katagiri,
1982). An acrosome reaction induced under hypotonic con-
ditions was observed under a light microscope in the sperm
of L. chaquensis (Raisman et al., 1980), and acrosome-
reacted sperm are detectable with peanuts agglutinin (PNA)
staining in B. japonicus (Takamune, 1987). In most anuran
amphibians, however, the acrosomes are too small to per-
mit investigation of the acrosome reaction in live sperm.
Further, the sites at which the acrosome reaction occurs
during fertilization vary between species. The acrosome
reaction seems to occur in the jelly layers of the frog,
Discoglossus pictus (Campanella et al., 1997), and of the
newts, Pleurodeles waltl (Picheral, 1977) and C. phyrrhog-
aster (Nakai et al., 1999; Onitake et al., 2000), while it
occurs on the VE in B. japonicus (Yoshizaki and Katagiri,
1982).
Several acrosome reaction-inducing substances have been
identified in several animals. In starfish, three components
of the egg jelly, namely acrosome reaction-inducing sub-
stance (ARIS), Co-ARIS, and asterosap, are responsible for
inducing the acrosome reaction (Matsui et al., 1986; Koyota
et al., 1997). In the sea urchin, fucose sulfate polymer, a
component of egg jelly, induces an acrosome reaction
(Segall and Lennarz, 1979; Vacquier and Moy, 1997; Ohba-
yashi et al., 1998). In the mouse, a glycoprotein of zona
pellucida, ZP3, induces an acrosome reaction (Bleil and
Wassarman, 1983). In the frog, B. japonicus, treatment of
the sperm with pars recta extract (PRE) induces a strong
lytic activity against VE (Katagiri et al., 1982). Using
electron microscopy, it has been confirmed that PRE-
treated sperm undergo an acrosome reaction (Katagiri et al.,
1982; Yoshizaki and Katagiri, 1982).
In Xenopus, a sperm acrosome has also been observed
(Reed and Stanley, 1972; Bernardini, 1986; Yoshizaki, 1987),
although it is not clear whether there is an acrosome
reaction at fertilization. However, many sperm (1000
sperm/egg) bind a VE of unfertilized Xenopus eggs before
fusion of the sperm with the egg membrane (Tian et al.,
1997a; Lindsay and Hedrick, 1998; Lindsay et al., 1999).
Sperm-egg binding on the VE appears to require oligosac-
charide chains of gp 69/64 on the VE (Tian et al., 1997a),
which is a homologue of the mammalian sperm receptor
ZP2 (Tian et al., 1999). Another gp 41, however, also seems
to be involved in sperm binding on the VE (Vo and Hedrick,
2000). The coelomic envelopes of eggs ovulated into the
coelom lack sperm binding activity, which is acquired after
they pass through the oviduct (Tian et al., 1997b; Lindsay
and Hedrick, 1998; Katagiri et al., 1999), and this is con-
comitant with the conversion of some glycoproteins on the
coelomic envelopes. This represents the so-called
coelomic/vitelline envelope transition (Gerton and
Hedrick,1986; Hardy and Hedrick, 1992; Tian et al., 1997b).
However, the state of the acrosomes in the sperm that bind
the VE is not known.
In the present study, we developed a simple and reliable
method for the observation of the acrosome in live Xenopus
sperm using confocal laser scanning microscopy. Using this
method, we also analyzed the mechanism of induction of
the acrosome reaction during fertilization in Xenopus.
MATERIALS AND METHODS
Gametes
The African clawed frogs, Xenopus laevis, were purchased from
dealers and maintained in our laboratory. To obtain mature sperm,
males were injected with 250 IU/male of human chorionic gonad-
otropin (HCG; Teikoku Zoki) in the dorsal lymph sac and kept at
18°C for 12 h. The sperm were released into 33% De Boer’s solution
(DB), 100% DB in mM: 110 NaCl, 1.3 KCl, 1.3 CaCl2, 5.7 Tris–HCl
(pH 7.4) by gentle pressing of the nicked testes with small forceps
after incubation for 15 min on ice. To obtain mature eggs, females
were injected with 375 IU/female of HCG in dorsal lymph sac and
kept at 18°C for 12 h. The jellied, matured eggs were collected by
gentle massage of the abdomen.
Preparation of Oviductal Extracts and Jelly Water
Oviducts were isolated from mature females 4 days after injec-
tion of 35 IU/female of pregnant mare serum gonadotropin (PMSG;
Sigma). The pars recta, the uppermost region of oviducts, extending
for about 2 cm from the ostium, was dissected and homogenized in
33% DB (0.1 ml/pair of pars recta) by a glass homogenizer with a
tefron pestle on ice. The homogenate was centrifuged at 12,000g
(4°C, 20 min), and the supernatant was collected as the 100% pars
recta extract (PRE). In some experiments, the extract was further
centrifuged at 100,000g (4°C, 1 h) and the supernatant was ultra-
filtrated by microcon centrifugal filter device (YM-10; Millipore
Corp.). The extract of pars convoluta (PCE) about 5 cm long, at 3 cm
below the pars recta region, was prepared in the same way as for
PRE. The extracts were stored at 80°C until use. The amount of
proteins was determined according to the method of Bradford,
using bovine serum albumin as a standard. Jellied, unfertilized eggs
were shaken in 33% DB (8 ml of solution per 3 g of eggs) for 45 min
at room temperature. The collected solution was centrifuged at
2000g (4°C, 10 min). The supernatant, designated as 100% jelly
water, was stored at 30°C until use.
Preparation of Egg Envelopes and Lysed Egg
Envelopes
Jelly coats of unfertilized eggs were removed by 2% cysteine–
HCl (pH 8.2) or 45 mM 2-mercaptoethanol (pH 8.5), followed by
thorough washing with 100 mM NaCl and 50 mM Tris–HCl (pH
7.0). The dejellied eggs were kept in DB and only unactivated eggs
were transferred to a syringe fitted with a needle (21G). The
crushed eggs were filtrated with a nylon filter and washed thor-
oughly with DB on the filter. The vitelline envelopes (VEs) col-
lected on the filter were washed twice with DB by centrifugation at
5000g (4°C, 5 min). In some experiments, the dejellied eggs were
kept on 1% agar in 33% DB and their VEs were isolated with fine
forceps. The isolated VEs were suspended in 33% DB and heated for
10 min at 80 or 100°C. After centrifugation at 14,000g (4°C, 2 min),
the solubilized VE was concentrated by ultrafiltration (YM-10;
Millipore Corp.) and stored at 30°C until use.
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Observation of Sperm Acrosomes under a Confocal
Laser Scanning Microscope
LysoSensor Green DND-189 was purchased from Molecular
Probes. Mature sperm were incubated in 1 M LysoSensor Green in
33% DB for 30 min at room temperature. The sperm were observed
with an inverted laser scanning confocal microscope (LSM 510;
Carl Zeiss). The sperm were imaged by using a 63 water-
immersion lens. Fluorescence excitation was obtained from an
argon ion laser filtered with a 458-nm dichroic mirror (HFT 458).
Emitted fluorescence was filtered with a 475-nm longpass filter (LP
475). In order to minimize bleaching of the dye, intensity of
exciting laser illumination was reduced to 10% of maximum. The
LysoSensor-loaded sperm were observed within 15 min after each
treatment. When the sperm bound to VE were observed, the
envelopes were centrifuged at 20g (4°C, 30 s) to remove unbound
sperm after incubation.
Electron Microscopy
Mature sperm were fixed with 2.5% glutaraldehyde in 10 mM
phosphate buffer (pH 7.2) and postfixed with 1.0% osmium tetrox-
ide. The pelleted sperm were dehydrated in acetone and embedded
in Epon 812. Ultrathin sections were cut by glass knives on a Porter
Blum MT-1 ultramicrotome, stained with uranyl acetate and lead
citrate, and observed in a JEOL JEM-100SX electron microscope.
RESULTS
Acrosome Reaction in Xenopus Sperm
To observe the acrosomes of live Xenopus sperm, sperm
released from the testes were treated with 1 M LysoSensor
Green DND-189 in 33% DB for 30 min at room tempera-
ture. Since the LysoSensor Green is an acidotropic dye that
appears to accumulate in acidic organelles as the result of
protonation, its accumulation into the acidic acrosome was
expected. Under confocal laser microscopy, brighter fluo-
rescence was observed at the tip of the head in 64% of
sperm obtained from the testes (Fig. 1A; Table 1). A sac-like
structure (0.1–0.2 m in width) with brighter fluorescence
was localized between the nucleus and plasma membrane
and covered an area about 2 m in length from the top of
the sperm head (Figs. 1A and 1B). Under electron micros-
copy, a flattened acrosome was observed to overlay the top
of the nucleus (Fig. 2A). The acrosome covered a length of
about 2 m from the top of the head. The sac-like structure
with bright fluorescence observed in the LysoSensor-loaded
sperm exactly corresponded to the acrosome of Xenopus
sperm. In the rest of the sperm (36%), bright fluorescence
was not observed at the top of the head, but weak fluores-
cence was observed in the cytoplasm in the region between
the head the tail (Figs. 1C and 1D). The LysoSensor did not
affect the ability of the sperm to fertilize; more than 90%
(81/89) of the eggs were fertilized by the LysoSensor-loaded
sperm.
The number of sperm with an intact acrosome decreased
to 37% after treatment with 10 M Ca ionophore A23187
for 15 min compared with 60% in those treated with 33%
DB (Table 1), indicating that Ca ionophore can induce an
acrosome reaction in Xenopus sperm. To determine
whether the observed loss of fluorescence in the acrosomes
of LysoSensor-loaded sperm indicated an acrosome reac-
tion, we compared the rates of acrosome reactions between
observations by confocal microscopy and by electron mi-
croscopy. Under electron microscopy, the sperm having
acrosomes covered with a plasma membrane and having
electron dense materials in their acrosomal vesicles were
defined as acrosome-intact sperm (Fig. 2B). Those having
exposed inner acrosomal membranes (Fig. 2C) and a loss of
the dense acrosomal materials were defined as acrosome-
reacted sperm. On two series of experiments with the
sperm obtained from different males, the rates of sperm
with intact acrosomes between observations by confocal
and electron microscopes were not significantly different
after Ca ionophore or PRE treatment (Table 2). However,
the rate of acrosome-intact sperm determined by confocal
microscopy was slightly lower than that determined by
electron microscopy after 33% DB treatment. Thus, obser-
vation under electron microscopy might be insufficient to
detect partial membrane fusion between the outer acro-
some membrane and sperm plasma membrane at the early
phase of acrosome reaction. These results indicate that
LysoSensor is a useful probe for detection of the acrosome
reaction in live Xenopus sperm. Thus, calculations using
the rate of decrease in LysoSensor-positive sperm in sperm
treated with A23187 relative to that in 33% DB-treated
sperm indicated that the rate of acrosome reaction induced
by A23187 was 38.5% (Table 1).
Acrosome Reaction Induced by Jelly Water
and by Egg Envelopes
When the LysoSensor-loaded sperm (about 2  106 cells/
ml) were treated with 20, 50, and 90% jelly water in 33%
DB for 30 min at room temperature, 15, 19, and 23% of the
sperm, respectively, underwent an acrosome reaction
(Table 3). The treatment with 10% jelly water did not
induce a significant decrease in the number of acrosome-
intact sperm. These results indicate that jelly water con-
tains, at most, only weak activity for inducing acrosome
reaction.
The LysoSensor-loaded sperm (about 2  106 cells/ml)
were incubated with the VEs isolated from unfertilized eggs
for 30 min. After centrifugation (20g, 30 s) to remove the
unbound sperm, we determined the rate of acrosome reac-
tions in the sperm that bound to the VEs (Table 3). About
53% of the sperm on VEs underwent an acrosome reaction.
Since the sperm binding to the fragments of the PVDF
membrane used for Western blotting, instead of VE, did not
undergo an acrosome reaction, attachment to the mem-
brane did not simply induce an acrosome reaction. These
results demonstrate that the VE possesses a substance
having acrosome reaction-inducing activity (ARIA). The
LysoSensor-loaded sperm were incubated with isolated VEs
in 33% DB or 33% Ca2-free DB for 5 min. After removing
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unbound sperm, we determined the rates of acrosome
reaction in the sperm bound to the membranes (Table 3).
Sperm bound on the VE underwent an acrosome reaction at
a rate of about 60% in 33% DB, but no sperm underwent an
acrosome reaction in 33% Ca2-free DB. We calculated that
6.8  2.6 (mean  SD) and 1.8  0.7 sperm bind to each
1-mm2 area of VE in 33% DB and 33% Ca2-free DB,
respectively. When the LysoSensor-loaded sperm were in-
cubated with isolated VEs, the acrosome-intact sperm
bound to the VE and then underwent an acrosome reaction
FIG. 2. Electron micrographs of the acrosomal region in Xenopus sperm. (A) A longitudinal section of the acrosomal region, showing an
acrosome beneath the plasma membrane. (B, C) Cross sections of the acrosomal region, showing the sperm with the intact acrosomal membranes
and the plasma membrane with electron dense materials in the acrosome (B), the sperm with the exposed inner acrosomal membrane (C). pm,
plasma membrane; oa, outer acrosomal membrane; ia, inner acrosomal membrane; n, nucleus; nm, nuclear membrane. Scale bars, 1m.
FIG. 3. Acrosome reaction of LysoSensor-loaded sperm on isolated VE, showing a sperm with acrosome just after binding (A) and
disappearance of the acrosome 12 min after binding (B). The sperm was detached from VE and moved slightly after acrosome reaction. (A,
B) Taken from the same sperm. The fluorescence in the acrosome seems to be localized at post acrosomal region after acrosome reaction.
Left panels, fluorescence images of LysoSensor Green; Right panels, differential interference images of sperm.
FIG. 1. Confocal fluorescence images of Xenopus sperm stained with LysoSensor Green, showing the sperm with bright fluorescence in a
sac-like structure at the top of head (A, B), and the sperm without fluorescence at the top of head (C, D). The images of (A) and (C) were taken
from different sperm. (B, C) Higher magnification of (A) and (C), respectively. a, acrosome; n, nucleus; m, middle piece region. Scale bars, 2 m.
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about 12 min after the binding (Fig. 3). The isolated VEs
were solubilized by heating (80°C) in 33% DB. When the
LysoSensor-loaded sperm were treated with the lysed VE
(for 30 min, at room temperature), only 26% of the sperm
underwent an acrosome reaction (Table 3). The VE lysed at
100°C for 10 min had no significant ARIA. These results
indicate that the VE contains an acrosome reaction-
inducing substance that is heat-unstable and Ca2-
dependent.
Acrosome Reaction Induced by Pars Recta Extract
The VE of coelomic eggs undergo chemical modification
during passage through the pars recta, which is the upper-
most region of oviducts, and the cells in the pars recta
contain several types of secretion granules (Yoshizaki and
Katagiri, 1984). To determine whether the ARIA is secreted
from those cells outside the VE, the LysoSensor-loaded
sperm were treated with pars recta extract (PRE) for 30 min
at room temperature. The treatment with 50, 20, and 5%
PRE (0.59 mg proteins/ml) induced an acrosome reaction on
39, 41, and 48% of the LysoSensor-loaded sperm, respec-
tively (Table 4). The treatment with 2% PRE did not cause
a significant decrease in the number of acrosome-intact
sperm. When the sperm were treated with 10% PRE, intact
acrosomes were detected on 53, 43, and 36% of the sperm at
10, 20, and 30 min after treatment, respectively. These
results indicate that the acrosome reaction occurs within
30 min after PRE treatment. The extract of the pars convo-
luta (1.4 mg proteins/ml), which secretes several jelly
layers, showed no ARIA (Table 5). When sperm treated with
20% PRE were observed under electron microscopy, the
number of acrosome-intact sperm decreased to 31–38%, in
comparison with 65–79% of acrosome-intact sperm in 33%
DB (Table 2). The rates of acrosome reaction observed by
electron microscopy correlated well with those observed on
TABLE 1
Acrosomes Observed in LysoSensor Green-Loaded Sperm
Sperm
treated with:
Percent of sperm
with acrosomal
fluorescence
No. of
sperm
counted (n)a
Percent of
acrosome
reactionb
Nothing
1 63.2  3.3c 125 (5) —
2 65.3  4.8 150 (6) —
3 64.0  8.0 125 (5) —
Total 64.3  5.4 400 (16) —
A23187 (10 M)
4 37.3  2.3 75 (3) 41.2
5 33.3  4.0 75 (3) 41.9
6 40.0  2.3 100 (4) 32.3
Total 36.9  4.8 250 (10) 38.5
33% DB
4 64.0  8.0 75 (3) —
5 57.3  4.6 75 (3) —
6 59.0  6.1 100 (4) —
Total 60.0  6.3 250 (10) —
a No. of experiments.
b Percentage of acrosome reaction was calculated based on each
control (33% DB).
c Mean  SD.
TABLE 2
Comparison of Acrosomal States Observed by Electron
Microscopy and LysoSensor Green
Treatment
Electron microscopy LysoSensor Green
Percent of
sperm with
acrosome
No. of
sperm
counted
Percent of
sperm with
acrosome
No. of
sperm
counted
Exp. 1
33% DB 79 158 60 25
10 M A23187 36 219 36 25
20% PRE 38 158 32 25
Exp. 2
33% DB 65 258 56 25
10 M A23187 38 265 32 25
20% PRE 31 246 28 25
TABLE 3
Acrosome Reaction Induced by Jelly Water and
Vitelline Envelope
Treatment
Percent of
sperm with
acrosome
No. of
sperm (n)a
Percent of
acrosome
reactionb
90% Jelly water 49.3  2.3* 75 (3) 22.9
50% Jelly water 52.0  2.8* 125 (5) 19.3
20% Jelly water 47.7  16.3* 325 (15) 15.2
10% Jelly water 55.3  10.1 275 (11) 11.8
33% DBc 60.4  8.2 950 (38) —
Isolated VE 27.9  2.0* 100 (4) 53.4
PVDF membrane 54.8  4.6 75 (3) 0.2
20% PRE 34.0  5.2* 100 (4) 41.4
33% DBc 58.0  2.3 150 (6) —
Isolated VE in 33%
Ca2-free DB 61.0  2.0 100 (4) 0
Isolated VE in 33% DB 23.0  7.6* 100 (4) 60.4
33% DB 58.0  2.3 100 (4) —
Lysed VE at 80°C 46.6  4.6* 75 (3) 25.5
Lysed VE at 100°C 61.3  6.1 75 (3) 2.1
5% PRE 29.3  2.3* 75 (3) 53.2
33% DB 62.6  4.6 75 (3) —
*, P  0.05 compared with 33% DB-treated sperm.
a No. of experiments.
b Percentage of acrosome reaction was calculated based on each
control (33% DB).
c Total of control experiments.
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the LysoSensor-loaded sperm: 28–32% of acrosome-intact
sperm (Table 2). Thus, PRE has a strong ARIA on Xenopus
sperm. Since the sperm that had been treated with 10% PRE
before LysoSensor loading underwent an acrosome reaction
(42% of acrosome-reacted sperm, n  100), LysoSensor
Green did not appear to disturb the acrosome reaction.
A strong ARIA detected in PRE prompted us to further
investigate its properties (Table 4). When PRE was treated
at 60 or 80°C for 10 min, about 20 and 33% of the sperm
underwent an acrosome reaction, respectively. However,
treatment at 100°C for 10 min almost completely abolished
the ARIA. When PRE was centrifuged at 100,000g (1 h, 4°C),
the component termed ARIA was recovered in the super-
natant (44% of acrosome-reacted sperm), in contrast to
7.6% of acrosome-reacted sperm in the treatment with the
pellet. The supernatant was then ultrafiltrated with a
10-kDa cut-off filter. The ARIA was retained in the fraction
over 10 kDa (53% of acrosome-reacted sperm) but not in the
fraction under 10 kDa (0% of acrosome-reacted sperm).
These results indicate that the ARIA in PRE is a heat-unstable
substance having a molecular weight of over 10 kDa.
Since the pars recta contains a tryptic protease activity,
known as oviductin (Hardy and Hedrick, 1992; Lindsay et
al., 1999), we tried to determine whether the tryptic pro-
tease activity is necessary for the ARIA of PRE. The
LysoSensor-loaded sperm were treated by PRE that had
been treated with 50 M aprotinin, a serine protease inhib-
itor, for 30 min at room temperature (Table 5). The rate of
acrosome reaction induced by the aprotinin-treated PRE
(44%) was similar to that induced by PRE treatment (43%).
Leupeptin (200 g/ml), a trypsin inhibitor, did not affect the
ARIA of PRE (47% of acrosome-reacted sperm), in compari-
son to PRE treatment (43% of acrosome-reacted sperm).
The treatment with aprotinin or leupeptin alone did not
induce an acrosome reaction. Thus, the tryptic protease
activity in PRE is unlikely to be involved in the acrosome
reaction of Xenopus sperm.
To determine the role of extracellular divalent cations for
the ARIA, we investigated the effects of Ca2/Mg2 chela-
tors on the acrosome reaction induced by PRE. In 33% DB
([Ca2], 144 M), PRE treatment caused an acrosome reac-
tion on 51% of the sperm (Table 6). The presence of 50 M
EDTA ([Ca2], 94.01M) prevented an acrosome reaction
(6.8% of acrosome-reacted sperm). Addition of 2 mM CaCl2
restored the ARIA of PRE. The presence of 50 M EGTA
([Ca2], 94.02 M) also prevented an acrosome reaction (6%
of acrosome-reacted sperm). Addition of 2 mM CaCl2, but
not 2 mM MgCl2, restored the ARIA. Treatment with EDTA
or EGTA alone had no effect on the acrosome reaction.
These findings indicate that extracellular Ca2 ions, but not
Mg2 ions, are indispensable for the ARIA of PRE.
DISCUSSION
The present study is the first to demonstrate that acro-
somes in live Xenopus sperm can be detected under a
confocal laser scanning microscope after staining with
LysoSensor Green. We also showed that the acrosome
reaction in Xenopus sperm is similar to that in the toad
(Yoshizaki and Katagiri, 1982) and in mammals (Yanagima-
chi and Usui, 1974), in that it comprises exposure of the
inner acrosomal membrane without formation of a promi-
nent acrosomal process. Taken together, these findings
TABLE 4
Acrosome Reaction Induced by Oviducal Extracts
Treatment
Percent of
sperm with
acrosome
No. of
sperm (n)a
Percent of
acrosome
reactionb
50% PRE 34.9  8.9* 175 (7) 39.2
20% PRE 36.9  8.0* 350 (14) 41.4
5% PRE 28.8  7.2* 125 (5) 47.7
2% PRE 52.4  8.4 125 (5) 5.4
Heated 20% PRE (60°C) 46.7  2.3* 75 (3) 19.5
Heated 20% PRE (80°C) 39.3  5.5* 150 (6) 32.8
Heated 20% PRE (100°C) 54.0  14.0 150 (6) 7.7
PCE 61.3  4.6 75 (3) 1.1
33% DBc 56.8  6.3 900 (36) —
100,000g precipitate 49.0  8.9 100 (4) 7.6
100,000g supernatant 29.3  2.3* 75 (3) 44.0
10 kDa fraction 57.0  3.8 100 (4) 0
10 kDa fraction 25.0  6.0* 100 (4) 52.9
33% DBc 52.6  2.8 100 (4) —
*, P  0.05 compared with 33% DB-treated sperm.
a No. of experiments.
b Percentage of acrosome reaction was calculated based on each
control (33% DB).
c Total of control experiments.
TABLE 5
Effects of Protease Inhibitors on Acrosome Reaction
Induced by PRE
Treatment
Percent of
sperm with
acrosome
No. of
sperm (n)a
Percent of
acrosome
reactionb
10% PRE  aprotinin
(50 M) 28.6  6.6* 350 (14) 44.1
10% PRE  leupeptin
(200 g/ml) 28.4  8.4* 225 (9) 47.1
10% PRE 32.0  7.2* 300 (12) 43.2
Aprotinin (50 M) 52.6  7.5 175 (7) 10.2
Leupeptin (200 g/ml) 53.6  10.4 125 (5) 0.5
33% DBc 57.3  8.4 300 (12) —
*, P  0.05 compared with 33% DB sperm.
a No. of experiments.
b Percentage of acrosome reaction was calculated based on each
control (33% DB).
c Total of control experiments.
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suggest that the loss of LysoSensor Green staining reflects
the breakdown of the acrosome vesicle contents resulting
in exposure of the inner acrosome membrane. In anuran
amphibians, including Xenopus, sperm suspensions ob-
tained by macerating testes inevitably include immature
sperm. Thus, assuming that LysoSensor Green stains the
mature acrosomal vesicle, the results presented in Table 1
imply that about 30–40% of light-microscopically mature
sperm in our sperm suspensions either possess an immature
acrosome or are spontaneously acrosome-reacted. The sig-
nificantly higher rate of acrosome-intact sperm, as deter-
mined by electron microscopy compared with confocal
microscopy after treatment with 33% DB (Table 2), prob-
ably reflects contamination of immature sperm. Table 2
shows that the percentages of acrosome-intact sperm deter-
mined by electron microscopy and confocal microscopy
were consistently similar to each other with the LysoSensor
Green loading method for detection of the acrosomal state.
The detection of the acrosome with LysoSensor Green has
obvious utility because of its simplicity and because the
fertilizing capacity of sperm is not affected by the staining.
Treatment with both PRE and Ca2 ionophore induced an
acrosome reaction in 40–50% of Xenopus sperm, indicating
that about half of the sperm with acrosomes are capable of
undergoing an acrosome reaction. In Bufo sperm, PRE
treatment reportedly induced an acrosome reaction in 50–
60% of the sperm (Yoshizaki and Katagiri, 1982). In echi-
noderms such as the sea urchin, Hemicentrotus pulcherri-
mus (Yamaguchi et al., 1989), and the starfish, Asterias
amurensis (Ikadai and Hoshi, 1981), over 80% of the sperm
undergo an acrosome reaction, while in humans and in the
boar, the reaction is induced in less than 20% of the sperm
(White et al., 1990; Berger et al., 1989). Although the extent
of acrosome reactions in ejaculated sperm might be higher
than that in testicular sperm, in testicular Xenopus sperm,
the extent of an acrosome reaction of about 30% seems to
be sufficient for successful fertilization.
The sites at which the acrosome reaction occurs during
the fertilization process vary from species to species. The
reaction occurs on the zona pellucida (Bleil and Wassarman,
1983) in the mouse and during passage of the sperm in
cumulus cells in the hamster (Yanagimachi et al., 1983;
Yanagimachi and Phillips, 1984) and human (White et al.,
1990). Jelly components induce an acrosome reaction in
echinoderms (Hagiwara and Dan, 1969; Ishihara and Dan,
1970; Schackmann et al., 1978). Similarly, the acrosome
reaction occurs in the outermost jelly layer in the frog, D.
pictus (Campanella et al., 1997), and in the newt, Pleurode-
les waltl (Picheral, 1977). In contrast, the sperm of the toad,
B. japonicus, undergo an acrosome reaction not in the jelly
but during passage through the VE (Katagiri et al., 1982;
Yoshizaki and Katagiri, 1982). We have shown high rates of
the acrosome reaction of LysoSensor-loaded Xenopus sperm
after the binding to the VE, as well as a weak ARIA of the
lysed VE. The number of sperm bound to the VE was lower
than that in previous observations (Tian et al., 1997a;
Lindsay and Hedrick, 1998; Katagiri et al., 1999). Since we
observed live sperm, some sperm might be detached from
the VE during incubation and observation. Since the acro-
some reaction was induced by the treatment with pars recta
extract, but not with pars convoluta extract, Xenopus
sperm may undergo an acrosome reaction on the VE in
response to the substance(s) deposited from the pars recta.
The weak ARIA in jelly water (Table 3) may reflect depo-
sition of the pars recta substance on the VE of unfertilized
eggs. Although the sperm of Bufo are acrosome-intact
during passage through the jelly, components of the jelly
layers have been suggested to be important for the acrosome
reaction occurring on the VE (Omata, 1993). Further inves-
tigations are necessary to determine exactly how the acro-
some reaction is induced in fertilizing Xenopus sperm.
The ARIA of PRE seems to be a heat-unstable substance
having a molecular weight of over 10 kDa. A tryptic
protease, oviductin (66 kDa), released from the pars recta
affects the coelomic envelopes (Takamune et al., 1986;
Takamune and Katagiri, 1987; Bakos et al., 1990; Hardy and
Hedrick, 1992; Kubo et al., 1997, 1999) resulting in diges-
tion of a gp 43 to a gp 41 component of the VE. Acquisition
of the sperm-binding activity of the egg envelope and
egg-fertilizability have been ascribed solely to this conver-
sion of specific VE components (Lindsay et al., 1999). In the
present study, neither the serine protease inhibitor, aproti-
nin, nor the trypsin protease inhibitor, leupeptin, was able
to inhibit the ARIA of PRE (Table 5). Thus, the oviductin is
TABLE 6
Effect of Calcium Chelators on the Acrosome Reaction
Induced by PRE
Treatment
Ca2
concentration
Percent
of sperm
with
acrosome
No. of
sperm
(n)a
Percent of
acrosome
reactionb
10% PRE  50
M EDTA 94.01 M 46.7  2.7 150 (6) 6.8
10% PRE  50
M EDTA 
2 mM CaCl2 2094 M 20.0  4.4* 150 (6) 60.2
10% PRE  50
M EGTA 94.02 M 47.2  10.8 125 (5) 6.0
10% PRE  50
M EGTA 
2 mM CaCl2 2094 M 24.0  4.0* 125 (5) 52.2
10% PRE  50
M EGTA 
2 mM MgCl2 94.02 M 57.3  2.3 75 (3) 4.4
10% PRE 144 M 24.8  9.5* 275 (11) 50.6
50 M EDTA 94.01 M 53.3  7.5 150 (6) 0
50 M EGTA 94.02 M 49.6  3.2 125 (5) 1.2
33% DBc 144 M 50.2  13.9 275 (11) —
*, P  0.05 compared with 33% DB sperm.
a No. of experiments.
b Percentage of acrosome reaction was calculated based on each
control (33% DB).
c Total of control experiments.
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unlikely to be involved in induction of acrosome reaction in
Xenopus sperm.
The acrosome reaction induced by PRE was inhibited by
a Ca2-deficient external medium (Table 6), which is simi-
lar to what has been observed in the starfish (Hagiwara and
Dan, 1969), sea urchin (Collins and Epel, 1977), and mam-
mals (Yanagimachi and Usui, 1974). Sperm binding to the
VE in anuran is dependent on the concentration of Ca2
(Omata and Katagiri, 1996; Vo and Hedrick, 2000) such that
lower concentrations cause lower rates. However, the toad
sperm bound to the VE were reportedly not acrosome-
reacted (Omata and Katagiri, 1996). Since sperm cannot
undergo an acrosome reaction in conditions having a low
concentration of Ca2, in such cases all sperm bound to the
VE must have a plasma membrane. In contrast, both
acrosome-intact and acrosome-reacted sperm bound to the
VE in high-Ca conditions. These results indicate that there
are at least two methods of sperm binding to the VE in
Xenopus: one is through the sperm plasma membrane, and
the other is through the inner acrosomal membrane ex-
posed after the acrosome reaction. Both types of binding
seem to be dependent on Ca2, because the extent of
binding of acrosome-intact sperm increased in higher-Ca2
conditions. Since sperm motility is, however, decreased in
low-Ca2 conditions (unpublished observations), further
detailed investigation is necessary to clarify the role of Ca2
in sperm-binding. The sperm-binding on Xenopus VE re-
quires oligosaccharide chains of gp 69/64 VE proteins (Tian
et al., 1999). It has recently been reported that another gp
43/41 VE protein is also involved in sperm binding (Vo and
Hedrick, 2000). It is very important to determine the
relationship between sperm binding to these different VE
ligands and the acrosomal states of sperm.
The methods used in the present study enabled us to
observe the acrosome reaction in live Xenopus sperm. Since
the ability of sperm to fertilize was not affected and the
acrosome reaction could be observed on live sperm in real
time, our methods promise to be useful for analyzing the
mechanism of induction of the acrosome reaction and its
importance in the fertilization process, which continues to
be an enigma in amphibian reproduction.
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